Arterial stiffness is correlated with left ventricular (LV) diastolic function as well as susceptibility to LV systolic function. Therefore, if LV systolic function is not known, the relationship between arterial stiffness and LV diastolic function is difficult to determine. A total of 260 patients were included in the study. The brachial-ankle pulse wave velocity (baPWV) and the ratio of right brachial pre-ejection period to ejection time (rbPEP/rbET) were measured using an ABI-form device. Patients were classified into four groups. Groups 1, 2, 3 and 4 were patients with rbPEP/rbET and baPWV below the median, rbPEP/rbET above but baPWV below the median, rbPET/rbET below but baPWV above the median, and rbPET/rbET and baPWV above the median, respectively. The LV ejection fractions in groups 1 and 3 were higher than those in groups 2 and 4 (Po0.001 for all). Patients in group 1 had a lower left atrial volume index (LAVI) and higher early diastolic mitral annular velocity (Ea) than patients in the other groups (Pr0.002). Patients in group 2 had a LAVI and ratio of transmitral E wave velocity to Ea that were comparable to those in groups 3 and 4. In conclusion, rbPEP/rbET had an impact on the relationship between baPWV and LV diastolic function. In patients with high rbPEP/rbET but low baPWV, low baPWV may not indicate good LV diastolic function but implies that cardiac dysfunction may precede vascular dysfunction in such patients. When interpreting the relationship between baPWV and LV diastolic function, the rbPEP/rbET value obtained from the same examination should be considered.
INTRODUCTION
Increased pulse wave velocity (PWV), which reflects increased arterial stiffness, is reported to be an independent predictor of cardiovascular outcomes 1,2 and is associated with the presence of coronary artery narrowing. 3 Masugata et al. 4 found that brachial-ankle PWV (baPWV) was significantly correlated with left ventricular (LV) diastolic function. Abhayaratna et al. 5 demonstrated that aortic PWV progressively increased according to the severity of diastolic dysfunction and had a significantly negative correlation with early diastolic mitral annular velocity (Ea). Several studies have also reported a relationship between arterial stiffness and LV diastolic function. [6] [7] [8] In these studies, [4] [5] [6] [7] [8] they chiefly included patients with preserved LV systolic function. However, one of our recent studies revealed that there was a mismatch between increases in arterial stiffness and LV diastolic dysfunction in patients with wide range of LV systolic function. 9 Weber et al. also evaluated the relationship between aortic PWV and LV systolic function in 63 patients with cardiomyopathy (LV ejection fraction o45%) and 126 controls (LV ejection fraction 450%), and found that aortic PWV did not differ between cardiomyopathy patients and controls, and that aortic PWV had a significant positive correlation with LV ejection fraction in cardiomyopathy patients. Thus, they concluded that aortic PWV values were susceptible to LV performance. 10 Therefore, if LV systolic function is not known, the correlation between PWV and LV diastolic function is difficult to determine.
A clinical device, ABI-form (Colin VP1000, Komaki, Japan), has been developed to automatically and simultaneously measure blood pressure (BP) in both arms and ankles, and record pulse waves of the brachial and posterior tibial arteries by an automated oscillometric method. Using this device, we can easily obtain baPWV values. 11 In addition, this device can automatically calculate the right brachial preejection period (rbPEP) and right brachial ejection time (rbET) by analyzing the signals of electrocardiograms, phonocardiograms and right brachial pressure volume waveforms. Therefore, we can obtain baPWV and rbPEP/rbET values during the same examination. Recently, we have shown that rbPEP/rbET has a significant correlation with LV ejection fraction and is a useful parameter in predicting impaired LV systolic function. 12 As depressed LV systolic function may affect baPWV, rbPEP/rbET may influence the relationship between baPWV and LV diastolic function. The aim of this study was to compare LV diastolic function among patients with rbPEP/rbET and baPWV below the median, rbPEP/rbET above but baPWV below the median, rbPEP/rbET below but baPWV above the median, and rbPEP/rbET and baPWV above the median and to assess the impact of rbPEP/rbET on the relationship between baPWV and LV diastolic function.
METHODS

Study subjects
Study subjects were randomly included from a group of patients who arranged for echocardiographic examinations at Kaohsiung Municipal Hsiao-Kang Hospital. Patients with significant aortic or mitral valve disease, atrial fibrillation or inadequate image visualization were excluded. We did not include all patients consecutively because baPWV and rbPEP/rbET must be measured within 5 min after the completion of an echocardiographic examination. In total, 260 patients were randomly included in this study. The study population was further classified into four groups on the basis of rbPEP/rbET and baPWV measurements. Groups 1, 2, 3 and 4 were made up of patients with rbPEP/rbET and baPWV both below the median, rbPEP/rbET above but baPWV below the median, rbPET/rbET below but baPWV above the median, and rbPET/rbET and baPWV both above the median, respectively. All patients were in sinus rhythm. The study protocol was approved by our Institutional Review Board and all enrolled patients gave written informed consent.
Echocardiographic assessment
The echocardiographic examinations were performed by one experienced sonographer using transthoracic echocardiography (Vivid 7, General Electric Medical Systems, Horten, Norway), with the participant respirating quietly in the left decubitus position. Two-dimensional and two-dimensionally guided M-mode images were recorded from the standardized views. The Doppler sample volume was placed at the tips of the mitral leaflets to obtain the LV inflow waveforms from the apical 4-chamber view. All sample volumes were positioned with ultrasonic beam alignment to flow. Tissue Doppler imaging was obtained with the sample volume placed at the lateral corner of the mitral annulus from the apical 4-chamber view. The wall filter settings were adjusted to exclude high-frequency signals, and the gain was minimized. A normal mitral inflow pattern was recognized if the ratio of transmitral E wave velocity (E) to transmitral A wave velocity (A) was Z0.75, EaZ8 cm s À1 , and E/Ear10, impaired relaxation mitral inflow pattern if the E/A ratio was o0.75, and pseudonormal/restrictive mitral inflow pattern if the E/A ratio was Z0.75, Eao8 cm s À1 or E/Ea410. 13, 14 The LV ejection fraction was measured by the modified Simpson's method. The left atrial volume was measured by the biplane area-length method. 15 Apical 4-and 2-chamber views were obtained to determine the left atrial area and length (from the middle of the plane of the mitral annulus to the posterior wall). The maximal left atrial chamber area and length were measured before mitral valve opening, excluding the left atrial appendage and pulmonary veins. The left atrial volume was calculated and indexed to the body surface area. The raw ultrasound data were recorded and analyzed offline, using software (EchoPAC, GE Medical Systems), by a cardiologist who was blinded to the other data.
Assessment of baPWV, rbPEP and rbET
Within 5 min after the completion of the echocardiographic examination baPWV, rbPEP and rbET were assessed using an ABI-form device (VP1000, Colin, Aichi, Japan), which automatically and simultaneously measures BP in both arms and ankles by an oscillometric method. 16, 17 For measuring baPWV, pulse waves that were obtained from the brachial and tibial arteries were recorded simultaneously, and the transmission time, which was defined as the time interval between the initial increase in brachial and tibial waveforms, was determined. The transmission distance from the arm to each ankle was calculated according to body height. The value of baPWV was automatically computed as the transmission distance divided by the transmission time. After obtaining bilateral baPWV values, the average of two values was used for analysis. Systolic and diastolic BPs were measured by the same device. The average of systolic and diastolic BP of bilateral arms was used for analysis. The rbET was automatically measured from the foot to the dicrotic notch (equivalent to the incisura on the down-stroke of the aortic pressure wave contour produced by the closure of the aortic valve) of the pulse volume waveform. The total electromechanical systolic interval (QS 2 ) was measured from the onset of the QRS complex on the electrocardiogram to the first highfrequency vibrations of the aortic component of the second heart sound on the phonocardiogram. The rbPEP was automatically calculated by subtracting rbET from QS 2 . 12,18
Statistical analysis
All data were expressed as mean values (±s.d.). SPSS 11.0 software (SPSS, Chicago, IL, USA) was used for statistical analysis. Multiple comparisons between study groups were performed by one-way analysis of variance followed by a post hoc test adjusted with a Bonferroni correction. Categorical and continuous variables between groups were compared by w 2 analysis and an independent-samples t-test, respectively. The relationship between two continuous variables was assessed by a bivariate correlation method (Pearson's correlation). All tests were 2-sided, and the level of significance was established as Po0.05.
RESULTS
The median values of baPWV and rbPEP/rbET were 1623 cm s À1 and 0.352, respectively. The comparison of clinical characteristics among the study groups is shown in Table 1 . There were 68, 62, 62 and 68 patients in groups 1, 2, 3 and 4, respectively. There were significant differences among the four groups in age, prevalence of diabetes mellitus and hypertension, heart rate, systolic and diastolic BP and pulse pressure. The study was performed with patients who were taking their usual medications.
The comparisons of echocardiographic characteristics, baPWV and rbPEP/rbET among the study groups are shown in Table 2 . There were significant differences among the four groups in the left atrial volume index (LAVI), LV end-diastolic dimension, LV end-systolic dimension, LV ejection fraction, E, A, E/A, E-wave deceleration time, Ea, E/Ea, late diastolic velocity of lateral mitral annulus, rbPEP/rbET, baPWV and the percentage of mitral inflow patterns. Furthermore, LAVI was smaller in group 1 than in the other groups (Pr0.002), but did not differ between groups 2 and 3 (P¼1.00) or between groups 2 and 4 (P¼1.00). The LV ejection fraction was higher in groups 1 and 3 than in groups 2 and 4 (Po0.001 for all). Ea was higher in group 1 than in the other groups (Po0.001 for all) and was higher in group 2 than in groups 3 and 4 (Pr0.011). E/Ea was lower in group 1 than in groups 3 and 4 (Pr0.001), but did not differ between groups 2 and 3 (P¼1.00) or between groups 2 and 4 (P¼0.28).
The univariate correlates of baPWV and rbPEP/rbET are shown in Table 3 . Although baPWV and rbPEP/rbET had significant correlations with many parameters of LV diastolic and systolic function, rbPEP/rbET had no correlation with baPWV (r¼0.015, P¼0.813). Age had a positive correlation with baPWV (r¼0.625, Po0.001), E/Ea (r¼0.241, Po0.001) and LAVI (r¼0.167, P¼0.008) and had a negative correlation with Ea (r¼À0.512, Po0.001). Systolic BP had a positive correlation with baPWV (r¼0.614, Po0.001), E/Ea (r¼0.131, P¼0.036), and LAVI (r¼0.153, P¼0.015) and a negative correlation with Ea (r¼À0.304, Po0.001). LV end-diastolic dimension had a positive correlation with E/Ea (r¼0.487, Po0.001) and LAVI (r¼0.583, Po0.001) and a negative correlation with Ea (r¼À0.352, Po0.001). LV end-systolic dimension had a positive correlation with E/Ea (r¼0.538, Po0.001) and LAVI (r¼0.618, Po0.001) and a negative correlation with Ea (r¼À0.373, Po0.001).
DISCUSSION
The main objective of our study was to compare baPWV and LV diastolic function between four groups divided by baPWV and rbPEP/ rbET values, especially between groups 2 and 3. Before comparing cardiovascular function, it is important to clarify the characteristics of these four groups. Compared with patients in group 3, patients in group 2 were younger and composed of fewer patients of hypertension, but cardiac function, especially systolic function, was more strongly decreased. The characteristics of these four groups could generally be defined as follows: patients in group 1 had relative normal cardiovascular function, patients in group 2 had systolic dysfunction, patients in group 3 had vascular dysfunction, and patients in group 4 had cardiovascular dysfunction. Cardiovascular dysfunction progresses with arterial-cardiac interactions, but the progression of dysfunction differs in speed between the heart and the vessels. In some patients, cardiac dysfunction progresses first (group 2), and in other patients, vascular dysfunction progresses predominantly (group 3), but finally, these patients arrive at cardiovascular dysfunction (group 4). Although baPWV and rbPEP/rbET have significant correlations with many parameters of LV diastolic and systolic function, there is no correlation between them, which suggests that these two parameters may be complementary. Hence, dividing study subjects into four groups using baPWV and rbPEP/rbET was useful in staging the progression of cardiovascular dysfunction. Doppler echocardiography is the non-invasive method of choice for the assessment of diastolic dysfunction. Because of opposing effects of impaired relaxation and filling pressures in the transmitral flow pattern, the conventional Doppler parameters of LV filling, such as E, A, E/A and E-wave deceleration time, displayed bimodal distributions with increasing LV diastolic dysfunction severity. By contrast, Ea, E/Ea and LAVI presented unidirectional changes with worsening LV diastolic function. 14, [19] [20] [21] [22] [23] [24] This pseudonormal phenomenon as LV diastolic dysfunction increases in E/A but not in Ea, E/Ea and LAVI may explain the different results between E/A and Ea, E/Ea and LAVI in the present study. In addition, previous studies found that decreased Ea and increased E/Ea and LAVI were correlated with LV diastolic dysfunction. [19] [20] [21] [22] [23] The present study demonstrated that rbPEP/rbET had an important impact on the relationship between baPWV and LV diastolic function, as indicated by Ea, LAVI and E/Ea values. Patients in group 1 and group 4 had relatively good and poor LV diastolic function, respectively. However, patients in group 2 did not reveal better LV diastolic function, as indicated by LAVI and E/Ea, than patients in group 3. When interpreting the relationship between baPWV and LV diastolic function, rbPEP/rbET should be taken into consideration.
The PWV can be measured at different locations and by different methods. We can detect arterial pulse waves using Doppler ultrasound, 25 applanation tonometry 26 and pressure-sensitive transducers. 27 PWV can also be obtained by magnetic resonance imaging, 28 but its limitations are its high cost and lack of availability. Increased PWV is an independent predictor of cardiovascular morbidity and mortality in the general population and in hypertensive patients, the elderly, and patients with end-stage renal disease. 2, 27, 29 Despite the fact that there are several parameters used in the assessment of arterial stiffness, the gold standard of non-invasive arterial stiffness measurement is carotid-femoral PWV. 27 In this study, we used baPWV as the parameter of arterial stiffness. Tanaka et al. 30 demonstrated that baPWV and carotid-femoral PWV were indices of arterial stiffness that exhibit similar extents of associations with cardiovascular disease risk factors and clinical events.
In our study, although there were several factors correlated with baPWV and LV diastolic parameters, the intensity of influence of these factors on baPWV and LV diastolic parameters varied. Previous studies have shown that both baPWV and LV diastolic function are significantly correlated with age. 31, 32 Our results showed that age was strongly correlated with baPWV (r¼0.625, Po0.001). Although age had also a strong correlation with Ea (r¼À0.512, Po0.001), it had only weak correlations with E/Ea (r¼0.241, Po0.001) and LAVI (r¼0.167, P¼0.008). Therefore, the impact of age on baPWV may be greater than its impact on LV diastolic parameters. Similarly, systolic BP had a strong correlation with baPWV (r¼0.614, Po0.001), but only a moderate correlation with Ea (r¼À0.304, Po0.001) and weak correlations with E/Ea (r¼0.131, P¼0.036) and LAVI (r¼0.153, P¼0.015). Thus, systolic BP had a large effect on baPWV but only a mild effect on LV diastolic parameters. Although LV end-diastolic dimension and LV end-systolic dimension had no correlation with baPWV, they had a moderate to strong correlation with LV diastolic parameters, as indicated by LAVI, Ea and E/Ea (r¼À0.373 to 0.618, Po0.001 for all). Thus, LV chamber size had a significant correlation with LV diastolic parameters but no correlation with baPWV. In addition, although rbPEP/rbET had no correlation with baPWV, it had a moderate correlation with LV diastolic parameters, including Ea, E/Ea and LAVI (r¼À0.224 to 0.369, Pr0.001 for all). Therefore, when evaluating the relationship between arterial stiffness and LV diastolic function, these factors should be considered.
Increased age, systolic BP and baPWV and decreased LV systolic function were reported to be associated with decreased LV diastolic function. [4] [5] [6] [7] [8] [9] [33] [34] [35] The major difference between groups 1 and 2 and between groups 3 and 4 was LV systolic function, and this discrepancy may explain the worse LV diastolic function, as indicated by Ea and LAVI, in group 2 than in group 1 and the higher percentage of pseudonormal/restrictive mitral inflow pattern in group 4 than in group 3. However, LV systolic function was comparable between groups 1 and 3 and between groups 2 and 4. Hence, compared with patients in group 3, patients in group 1 with baPWV below the median had better LV diastolic function, as indicated by Ea, E/Ea and LAVI. When compared with patients in group 4, patients in group 2 with baPWV below the median had higher Ea but comparable to E/Ea and LAVI. As increased age was reported to be correlated with decreased Ea, 33-35 the higher Ea in group 2 compared with group 4 may be due to younger average age rather than better LV diastolic function. Hence, in patients with rbPEP/rbET above the median, decreased baPWV may not indicate good LV diastolic function. The interpretation of LV diastolic function by way of baPWV must be considered cautiously in these patients. In addition, compared with patients in group 3, patients in group 2 had a younger average age, lower systolic BP and lower baPWV, so they should have better LV diastolic function. In fact, although Ea was higher in group 2 than in group 3, E/Ea and LAVI were comparable between them. Similarly, younger age, not better LV diastolic function, in group 2 may explain this higher Ea. Patients in group 2 also had fewer impaired relaxation mitral inflow patterns, but more pseudonormal/restrictive mitral inflow patterns than those in group 3. This finding implied that the LV diastolic dysfunction grade might be more advanced in group 2 than in group 3. As LV diastolic dysfunction generally occurred earlier than systolic dysfunction, the more depressed LV systolic function in group 2 compared with group 3 might explain why LV diastolic function, as indicated by E/Ea and LAVI, in group 2 was comparable with that in group 3 and why the LV diastolic dysfunction grade in group 2 was even more advanced than that of group 3. As Ea had a strong correlation with baPWV (r¼À0.505, Po0.001), vascular function should have a large impact on Ea, which might explain why Ea was lower in group 3, which was characterized mainly by vascular dysfunction, than in group 2, which was characterized mainly by systolic dysfunction. In contrast, E/Ea (r¼0.375, Po0.001) and LAVI (r¼0.278, Po0.001) correlated only moderately with baPWV, but they correlated significantly with rbPEP/rbET. Hence, vascular and cardiac function might have a similar influence on E/Ea and LAVI, which might explain why E/Ea and LAVI were comparable between groups 2 and 3. In addition, compared with patients in group 3, patients in group 2 had more strongly depressed LV systolic function. Hence, cardiac dysfunction should precede vascular dysfunction in group 2, which might explain the low baPWV in group 2.
Study limitations
The majority of our patients were treated chronically with antihypertensive medications. For ethical reasons, we did not withdraw these medications. Hence, we could not exclude the influence of antihypertensive agents on our findings. As no studies have documented reliable values of baPWV and rbPEP/rbET indicating LV diastolic and systolic dysfunction, we used median values of baPWV and rbPEP/ rbET to classify our study patients. In addition, we classified the subjects on the basis of non-invasive data rather than by invasive measurements. The results may be somewhat different if invasive data are used for group classification.
Conclusions
The present study demonstrated that rbPEP/rbET, a surrogate of LV systolic function, had an important impact on the relationship between baPWV and LV diastolic function. In patients with high rbPEP/rbET but low baPWV, low baPWV may not indicate good LV diastolic function but implies that cardiac dysfunction may precede vascular dysfunction in such patients. When interpreting the relationship between baPWV and LV diastolic function, the rbPEP/rbET obtained from the same examination should be considered.
